ABSTRACT A model mineralizing system was subjected to magnetic resonance microscopy to investigate how water proton transverse (T 2 ) relaxation times and magnetization transfer ratios can be applied to monitor collagen mineralization. In our model system, a collagen sponge was mineralized with polymer-stabilized amorphous calcium carbonate. The lower hydration and water proton T 2 values of collagen sponges during the initial mineralization phase were attributed to the replacement of the water within the collagen fibrils by amorphous calcium carbonate. The significant reduction in T 2 values by day 6 ( p , 0.001) was attributed to the appearance of mineral crystallites, which were also detected by x-ray diffraction and scanning electron microscopy. In the second phase, between days 6 and 13, magnetic resonance microscopy properties appear to plateau as amorphous calcium carbonate droplets began to coalesce within the intrafibrillar space of collagen. In the third phase, after day 15, the amorphous mineral phase crystallized, resulting in a reduction in the absolute intensity of the collagen diffraction pattern. We speculate that magnetization transfer ratio values for collagen sponges, with similar collagen contents, increased from 0.25 6 0.02 for control strips to a maximum value of 0.31 6 0.04 at day 15 ( p ¼ 0.03) because mineral crystals greatly reduce the mobility of the collagen fibrils.
INTRODUCTION
The study of mineralized collagen by conventional techniques, such as x-ray or neutron diffraction, has yielded little information about subtle changes to the collagen matrix that might occur during the mineralization process. Many reports have focused on the effect of drying or demineralization on the collagen lateral packing (1) (2) (3) (4) (5) , or the effect of different mineral densities, from different tissue sources, on the collagen fiber d-spacing (6) . Alternatively, scanning electron microscopy (SEM) and transmission electron microscopy have been used to study the arrangement of mineral crystals around collagen molecules (7) (8) (9) (10) ; however, such studies demand that mineralized specimens be exposed to various preparative solvents that can alter the natural spacing of the collagen fibrils. In this work we propose to study a model system in which a collagen sponge is mineralized with calcium carbonate, using magnetic resonance microscopy (MRM). This noninvasive imaging modality is capable of generating parametric maps of water proton transverse (T 2 ) relaxation times and magnetization transfer ratios (MTRs), which can be used to monitor the state of mineral and collagen, respectively.
Water proton T 2 values are highly dependent on molecular motion; thus, when water molecules become immobilized through ionic or dipolar interactions at the surface of a mineral, the T 2 of the surrounding solution is reduced because of fast exchange processes with the mineral-bound water molecules (11, 12) . In the presence of mineral deposits with a bulk magnetic susceptibility different from that of water, T 2 relaxation times are further reduced due to heterogeneities in the local magnetic field, and can therefore provide a measure of the mineral content of the sponge. With x-ray-based techniques, this may be difficult to achieve because of the relatively low mineral content. This is particularly the case if the mineral is amorphous, which broadens the diffraction peaks and reduces the ability to resolve them.
Alternatively, one can assess the collagen component of this model by measuring the MTR of surrounding water protons. Typically, macromolecular spins exhibit a much broader absorption line shape than mobile water protons and can be selectively saturated by the application of an off-resonance pulse before a standard imaging sequence (13, 14) . Saturated macromolecular spins exchange with mobile water protons, resulting in a reduction in the detected signal compared to a sequence without an off-resonance saturation pulse. The amount of signal loss is dependent on the exchange processes that take place within the tissue, and can be used to identify unique tissue components. For example, it is widely accepted that collagen-containing tissues give rise to a significant MT effect, which is the result of cross-relaxation between mobile water protons and hydroxyl groups on the hydroxyproline residues of collagen (13, 14) . Notably, calibration curves of MTR and collagen content have been derived for articular cartilage (15) , engineered cartilage (16) , and collagen gels (15, 17, 18) . In our experience, collagen in mineralizing tissues, such as the avian growth plate (19) , calcifying cartilage (20) , and osteoblast-seeded polymer scaffolds (21) , gives rise to a significant MT effect. More importantly, in zones where mineral deposits are localized, the MT effect is enhanced compared to that in surrounding unmineralized tissue (22) . However, as the mineral content approaches that of mature bone, the T 2 of the water protons in the bone is markedly reduced and thus the MT effect cannot be measured accurately. We expect that the measured MT effect before mineralization reflects the collagen content of the mineralizing osteoid tissue. We speculate that during bone formation, the MT effect is enhanced due to an increase in the collagen content of the mineralized zone, brought about by formation of mineral between the collagen fibrils and the correlated reduction in the intermolecular spacing of the collagen fibrils (23) . The collagen fibrils pack together more tightly, resulting in a higher volume density of collagen and thus higher MTR values.
To characterize the changes we have observed for bone (19) (20) (21) (22) , we subjected a model mineralizing system to MRM. In this model system, calcium carbonate mineral is produced when an aqueous solution of calcium chloride is exposed to the decomposition products of ammonium carbonate. In the presence of a charged polypeptide additive, such as poly(acrylic acid) or poly(aspartic acid), calcium carbonate is formed as a liquid-droplet mineral precursor phase (24) . This polymer-induced liquid-precursor (PILP) is drawn into the gaps and grooves of collagen fibrils by capillary action, and upon solidification forms plate-like crystals within the collagen fibrils reminiscent of those observed for normal bone (25) (26) (27) . The formation of intrafibrillar mineral deposits has been confirmed by selected area diffraction of the center of a mineralized collagen fiber (27) . In the absence of poly(acrylic acid), rhombohedral crystals of calcite form on the surface of the collagen fibers (26, 27) . To confirm that we were able to reproduce the model mineralizing system described in the literature (25) (26) (27) , we subjected our model system to SEM. The advantage of this model system is that the quantity of collagen is unchanged, so observed changes in the measured MT effect can be attributed to changes to the collagen fibrils induced by the mineral deposits.
The lateral spacing or equatorial diffraction spacing of collagen derived by x-ray diffraction has been used to confirm the lateral collapse of the collagen present in mineralized turkey leg tendon compared to unmineralized tendon (1, 4) . Therefore, we attempted to assess changes in the lateral packing arrangement of collagen during the mineralization process by using x-ray diffraction to examine collagen sponges mineralized under PILP conditions. If the behavior of water protons reported by MRM can be related to molecular level changes to the collagen fibrils due to mineral deposition, it is our expectation that the MRM experiment can be used to gain important insights into the mineralizing process in vivo.
MATERIALS AND METHODS

Mineralization of collagen sponges
Details of the PILP process are described elsewhere (25) (26) (27) . Briefly, a Cellagen (reconstituted Type I collagen) sponge (ICN Biomedicals, Aurora, OH) was cut into rectangular strips (2 mm 3 10 mm 3 1 mm), and eight strips were prepared for each time point. Before mineralization, the collagen strips were rehydrated in 12 mM calcium (II) chloride dihydrate (CaCl 2 .2H 2 O; Sigma-Aldrich, St. Louis, MO) at 4°C for 3 days. At the start of the mineralization process, four strips were placed in a petri dish (diameter ¼ 35 mm; Corning, Corning, NY) containing 1.5 mL of 24 mM CaCl 2 , 1 mL of 1 mg/mL polyacrylic acid (PAA, poly (acrylic acid, sodium salt), M w ¼ 5100; Sigma-Aldrich), and 0.5 mL of deionized water, for a final concentration of 12 mM CaCl 2 and 0.33 mg/mL PAA. Two petri dishes containing four strips each were used for each time point. Before use, all solutions were filter-sterilized using a benchtop filter flask (Corning) with a 0.22-mm filter. The dishes were sealed with Parafilm and three pinholes were introduced in the film to allow for the exchange of gases. Dishes were transferred to a dessicator with three vials containing 3 g crushed ammonium carbonate (Sigma-Aldrich) each. The vials were sealed with Parafilm and a single pinhole was made in the film to allow the diffusion of ammonia and carbon dioxide. The dessicator was evacuated and stored at 4°C. Every 3 days the calcifying solution for the existing dishes was changed and additional dishes were added to the chamber. This process was repeated until 24 days had passed. In addition to experimental samples, a control dish was included with each series. The control dish contained the same calcifying solution as the experimental samples (12 mM CaCl 2 and 0.33 mg/mL PAA), but the strips were not exposed to the ammonium carbonate.
At the end of 24 days, all of the samples were removed from the desiccator, rinsed twice in 12 mM CaCl 2 to remove any residual PAA, and stored in dishes containing 12 mM CaCl 2 at 4°C. MRM was performed on at least three sets of samples containing strips for the different time points. After MRM, at least two specimens from each time point were analyzed by x-ray diffraction. One set of strips was used for SEM analysis (see below). The remaining specimens were subjected to a biochemical assay for calcium.
Biochemical assay for calcium
Each collagen strip was washed with deionized water to remove residual calcium chloride before the assay. The details of this Alizarin red-based calcium assay have been published elsewhere (28) . Briefly, each sample was placed in a 1.5 mL Eppendorf tube to which was added 250 mL of a 40 mM aqueous solution of Alizarin red S (Sigma-Aldrich). The samples were incubated with shaking for 20 min at room temperature. After the incubation period, excess Alizarin red dye was removed and the samples were washed with 1 mL of deionized water for 5 min. This step was repeated to remove excess dye from the sample. Excess water was removed, 800 mL of 10% v/v acetic acid (Sigma-Aldrich) was added to each tube, and the samples were incubated for 30 min at room temperature. After the incubation period the samples were vortexed for 30 s and overlaid with 500 mL of light mineral oil (Sigma-Aldrich). They were then incubated for 10 min at 85°C to solubilize the Alizarin red-calcium complex. The samples were cooled on ice for 10 min and then centrifuged at 11,500 3 g for 15 min. After centrifugation, 500 mL of the sample solution below the mineral oil was transferred to a clean 1.5 mL Eppendorf tube and the pH of the solution was adjusted to between 4.1 and 4.5 with 10% v/v ammonium hydroxide (Sigma-Aldrich) if required. Then 10 mL of the sample were aliquoted in triplicate into a 96-well plate (Corning) containing 140 mL of pH 4.2-ammonium acetate solution. Varying concentrations of Alizarin red solution diluted in the same ammonium acetate solution were used as standards and the ammonium acetate solution was used as the blank. The plate was read at 405 nm on a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA). For this assay, the calcium content of each sample was calculated with SoftMax Pro 4.8 software (Molecular Devices), using a 1:1 stoichiometric ratio for the Alizarin red-calcium complex (29) .
Magnetic resonance microscopy
Collagen strips for each time point (3, 6, 9, 13, 15, 18 , and 24 days) along with control strips were analyzed by MRM. For the MRM experiment, strips were sandwiched between two glass slides (width ¼ 12 mm, height ¼ 75 mm) with rubber spacers (;1 mm thick) located near the top and bottom edges of the glass slide. The spacers were used to immobilize the collagen strips and to prevent the strips from becoming crushed. The glass slides were placed in a glass tube (outer diameter ¼ 15 mm) containing 4 mL of 12 mM CaCl 2 solution. The sample was degassed under vacuum and heated to 37°C for 2 h to remove air bubbles introduced during the preparation of the sample for MRM.
MRM experiments were performed on a Bruker DMX spectrometer (Bruker Biospin MRI, Billerica, MA) coupled to a wide-bore magnet operating at 9.4 T (400 MHz for 1 H) equipped with a microimaging gradient accessory. All samples were imaged at 37°C. MRM images of the collagen strips had a field of view of 30 mm 3 15 mm, a matrix size of 256 3 128, a nominal in-plane resolution of 117 mm, and a slice thickness of 1.8 mm. The imaging slice was aligned with the space between the two glass slides and the slice thickness was set to be greater than the gap between the two glass slides containing the collagen strips, but less than the total thickness of the two glass slides. Thus, the MRM signal can be attributed to protons between the two glass slides and not from the surrounding solution. The following MRM parameters were evaluated spatially: the water proton density (PD), the water proton transverse (T 2 ) relaxation time, and the MTR.
Quantitative T 2 relaxation maps were calculated on a pixel-by-pixel basis from 16 images acquired with a multiecho sequence (repetition time [TR] ¼ 5 s, echo time [TE] ¼ 10-160 ms). Images were fit on a pixel-by-pixel basis with a single exponential decay function of the form: I ¼ I 0 exp (ÀTE/T 2 ) 1 offset, where I 0 is the water PD, T 2 is the transverse relaxation time to be determined, and the offset is the noise level in the image. The PD values extracted by this calculation provide a direct measure of the number of water protons present in each pixel in the image. The PD values for the collagen strips were normalized to the PD value of the solution contained between the two slides to yield the hydration state of each strip.
The MTR value at each pixel was calculated from a series of images acquired with a 12 mT saturation pulse applied 6000 Hz off-resonance, with varying saturation times (t p ¼ 0.2-5 s), before a standard spin-echo imaging sequence (30) . The observed image intensity, M s (t p ), after the application of a saturation pulse of length t p was fit according to the expression
where M so and M o are the image intensities acquired with and without, respectively, the application of an infinitely long saturation pulse, and T 1sat is defined as the longitudinal relaxation time of the free protons in the presence of an off-resonance saturation pulse. The MTR map was then calculated using the equation [1 -(M so /M o )]. The MTR parameter provided a measure of the rate of transfer of magnetization from mobile water protons to protons on large immobile macromolecules like collagen. All image analysis was performed using Bruker Paravision software as well as user-defined procedures in IDL (Interactive Data Language; ITT Visual Information Solutions, Boulder, CO). Regions of interest (ROIs) were identified on PD, T 2 , and MTR maps of the PILP samples, and the MRM values of the pixels within each ROI were averaged together. The PD, T 2 , and MTR values reported for each time point represent the average of at least three strips (for day 24) to as many as nine strips (for the controls) from at least three different PILP experiments.
MRM measurements were subjected to pairwise multiple comparisons with a Bonferroni t-test and significance was determined at p , 0.05. For the MTR data, PILP exposure times were compared with controls to achieve statistical significance. All statistical tests were performed using SigmaStat Version 3.5 (Systat Software, Point Richmond, CA).
X-ray diffraction
X-ray diffraction measurements were performed with a Bruker powder diffractometer equipped with an 11.5-cm-diameter xenon-gas-filled HiStar area detector (Bruker-AXS, Madison, WI). The PILP samples were placed in 2.5-mm borosilicate glass capillaries (Charles Supper Co., Natick, MA) and hydrated with 12 mM CaCl 2 solution. Acid-washed glass beads (diameter # 160 mm; Sigma) were used to situate the sample at the correct height in the sample tube. The capillaries were then flame-sealed and placed in a custommade capillary holder consisting of a microchuck (0.5-4 mm adjustment range) attached to a three-axis goniometer head. The capillaries were centered in the x-ray beam path using the optical microscope of the goniometer stage. The x-ray source was a copper anode long fine-focus sealed tube operated at 1.5 kW. A flat graphite monochromator was used to separate the Ka radiation from the white light spectrum. The emission from the monochromator was collimated by means of a 500-mm pinhole tube. The area detector was placed on the 2u arm of the goniometer stage at a distance of 26.6 cm from the sample. The exact sample-to-detector distance and beam center were calibrated with a silver behenate standard for the low-angle region (2u ¼ 0-30°) and an aluminum oxide (corundum) standard for the wideangle region (2u ¼ 30-70°), where 2u is the diffraction angle. Before data collection, the area detector was calibrated using a 55 Fe source to adjust the detector bias, measure the detector background, and determine the fiducial correction for the detector. Sample temperature was regulated with a temperature-controlled nitrogen stream (5 L/min) from a Cryostream model 600 cooler (Oxford Cryosystems, Oxford, UK). The gas discharge tip of the cooler was placed 5 mm from the point of intersection of the x-ray beam with the capillary tube. All samples were measured at 24 6 0.2°C.
Diffraction data from the PILP samples were collected and displayed in real time as a 1024 3 1024 data frame collected from the HiStar area detector. Collection times of 1 h were used for all samples, which corresponds to ;10 million cumulative counts in the area detector data frame. Diffraction data were collected over a 2u angle of 0-70°. The data frames, which consist of the Debye-Scherrer diffraction rings arising from the PILP samples, were analyzed to produce a file of relative diffraction intensities versus the 2u angle using the General Area Detector Diffraction Software (GADDS) supplied by Bruker. These files were imported into GRAMS/AI version 7 (Thermo Galactic, Salem, NH) for data analysis. Deconvolution (peak fitting) was used to separate the diffraction peaks arising from the collagen sponge and the mineral calcite. Peak areas were determined by integration of the deconvoluted peaks, and peak positions were assigned as the center of mass of the upper one-third of the peaks based on peak height. Plots of diffraction profiles and their derived parameters were created using Origin graphing software, version 7 (OriginLab, Northampton, MA).
Scanning electron microscopy
Collagen strips were washed with distilled water to remove residual calcium chloride and then air-dried for 24 h. The dried strips were cut into three sections. Sections from each time point were mounted on an SEM stub, sputter-coated with gold (Desk II; Denton Vacuum, Moorestown, NJ), and examined with a scanning electron microscope (model JSM-5300; JEOL, Peabody, MA). Images with magnifications of 350, 3150, 31000, 35000, and 310000 were obtained. One section of the 18-day sponge was etched with 0.1 M HCl (Ricca Chemical Co., Arlington, TX) for 15 min to remove excess surface mineral, and one section was bleached with 0.5 vol% NaOCl (Ultra Clorox; Clorox Professional Products, Oakland, CA) for 15 min to remove the organic matrix. Acid-treated and bleach-treated sections were airdried and examined with SEM as described above.
RESULTS
After exposure to PILP conditions, collagen strips were sandwiched between two glass slides and stored in a solution of calcium chloride before the MRM experiment. A representative sample, shown in Fig. 1 , contains six collagen strips exposed to PILP conditions for 18, 15, 13, 9, 6, and 3 days, moving from the top to the bottom of the stack with a control strip, located at the bottom of the stack. Controls were included in each experiment so that samples taken at different exposure times could be readily compared with a collagen strip with no mineral deposits. The control strip was almost translucent owing to a lack of mineral, whereas the strips for the later time points (15 and 18 days) were opaque as a result of profuse mineral deposits throughout the samples. At short exposure times (3 and 6 days), individual clusters of early mineral deposits were clearly visible.
Collagen strips from the early time points would collapse under their own weight once removed from solution. This did not occur with strips from the later time points because the mineral content in these strips was enough to impart rigidity to the sponge-like structure. We did not measure the mechanical properties of the individual strips, but we did measure their total calcium content using an Alizarin red dyebinding assay (28) . These results are summarized in Fig. 2 . We found that there was a small amount of residual calcium in our controls and that the calcium content of the strips increased almost linearly with increasing exposure times to PILP conditions. In this particular run, the calcium content increased dramatically from day 13 to day 15 (p , 0.001). In separate experimental runs this transition occurred as early as day 6 (data not shown). Thereafter, the calcium content increased slightly between day 15 and day 24. In this graph, each time point represents the average of three replicate measurements for five strips taken from roughly the same location in the Cellagen sponge and cut to approximately the same size.
Representative MRM images of the strips shown in Fig. 1 are presented in Fig. 3. PD (Fig. 3 A) and T 2 (Fig. 3 B) maps yield information about the presence or absence of mineral deposits, whereas the MTR map (Fig. 3 C) yields information about the state of constituent collagen fibrils. The control strip at the bottom of the stack had the highest signal intensity in the PD and T 2 maps and the lowest signal intensity in the MTR map. The two strips at the top of the stack, which were exposed to PILP conditions for 15 and 18 days, had the lowest signal intensity in the PD and T 2 maps and the highest signal intensity in the MTR maps. The transition from a lowmineral-density strip to high-mineral-density strip is readily apparent in the MRM maps presented. These MRM images, unlike SEM images, are not restricted to the surface of the sponge, but provide spatial maps of the distribution of mineral and collagen throughout each individual strip. Strips from the later time points appear to be uniformly mineralized, whereas those for the early time points have localized zones of high mineral density; see for example the hypermineralized zone in the day 6 strip (third from the bottom) in Fig. 3 .
To better illustrate how water proton MRM properties change with the onset of mineralization, the MRM properties of collagen strips exposed to PILP conditions for increasing periods of time are summarized in Fig. 4 . Each exposure time represents MRM data averaged for at least three strips (for day 24) to as many as nine strips (for controls) from at least three separate experimental runs. The hydration state (Fig. 4 A) and the water proton T 2 relaxation time (Fig. 4 B) of the collagen strips decreased with increasing exposure times. The appearance of the small mineral deposits resulted in significant reductions in both the hydration state (p , 0.001) and T 2 values (p , 0.001) by day 6 compared to controls. There were marked reductions in collagen sponge hydration between days 3 and 9 ( p ¼ 0.008) and days 9 and 18 ( p , 0.001). T 2 values were similarly reduced between days 3 and 6 (p , 0.01) and days 9 and 15 (p , 0.001).
Conversely, MTR values measured for collagen strips as a function of exposure time increased from 0.25 6 0.02 for FIGURE 1 Photograph of a stack of collagen strips from a single PILP experiment. At the bottom of the stack was a control strip that was not exposed to PILP conditions. Adjacent to the control were collagen strips exposed to PILP conditions for 3, 6, 9, 13, 15, and 18 days (from bottom to top). Strips were imaged between two glass slides separated by a spacer. Initially the collagen strips were translucent, but they became more opaque with longer exposure times to PILP conditions. (Bar ¼ 1 mm.) FIGURE 2 Total calcium content of collagen strips plotted against the exposure time to PILP conditions. The calcium content was determined using an Alizarin red dye binding assay and each error bar represents the data from five collagen strips.
control strips to a maximum value of 0.31 6 0.04 at day 15 and then decreased to 0.29 6 0.03 by day 24. MTR values changed very gradually over the observation period and the values measured at days 13 and 15 were significantly higher (p ¼ 0.04 and p ¼ 0.03, respectively) compared to controls. Notably, the error in the MTR values measured for all days was larger than the error for the control group.
After the MRM measurements, hydrated collagen strips were subjected to x-ray powder diffraction analysis. Diffraction data were collected over a 2u diffraction angle of 0-70°. X-ray diffraction profiles for collagen strips exposed to PILP conditions for 3, 6, 9, 13, 15, 18, and 24 days are presented in Fig. 5 together with a diffraction profile of a control strip with no mineral deposits. Each diffraction profile represents the average of five measurements made at different locations within a single collagen strip. The diffraction profile for the control strip was identical to that of fully hydrated Type I collagen (Sigma-Aldrich) derived from rat tail collagen (data not shown), indicating that the texture of the Cellagen sponge did not alter the normal Type I collagen diffraction scattering. The collagen diffraction profile consisted of a discrete equatorial diffraction series, which arises from the axial crystalline-like lateral packing interactions of the tropocollagen molecules (31) . The diffraction lines from this quasi-hexagonal lattice were superimposed on a continuous diffuse scattering profile that is believed to arise from lateral packing disorder in the gap regions of the fibrils (32) . In this study, a collagen diffraction peak was observed at 10.607°, corresponding to a lateral molecular spacing of FIGURE 3 Quantitative PD (A), T 2 (B), and MTR (C) maps acquired for the stack of collagen strips shown in Fig. 1 . Adjacent to the control strip at the bottom of the stack were collagen strips exposed to PILP conditions for 3, 6, 9, 13, 15, and 18 days (from bottom to top). MRM images were acquired at 37°C with a nominal in-plane resolution of 117 mm and slice thickness of 1.8 mm (bar ¼ 1 mm). Bright (dark) regions on PD and T 2 maps correspond to regions with high (low) hydration and low (high) mineral content. Bright (dark) regions on MTR maps correspond to regions with more (less) mineral-encapsulated collagen.
FIGURE 4 MRM graphs of the hydration state (A), T 2 relaxation time (B)
, and MTR value (C) of collagen strips exposed to PILP conditions for varying lengths of time. Data extracted from MRM images are presented with data for control strips for comparison purposes. Each error bar represents a minimum of three samples (for day 24) and a maximum of nine samples (for the controls).
FIGURE 5 X-ray diffraction profiles acquired for representative samples of collagen strips exposed to PILP conditions for 3, 6, 9, 13, 15, 18, and 24 days. The incubation time is indicated adjacent to each profile. The diffraction profile of a control strip (labeled C) is shown for comparison purposes. Each diffraction profile represents the average of five measurements made at different locations within the same strip.
1.67 nm, and this observed lateral spacing was constant over the 24-day incubation period.
Exposure to PILP conditions resulted in the formation of a crystalline mineral phase, with diffraction peaks observed between 29°and 66° (Fig. 5) . These peaks were seen to grow in intensity, becoming progressively more prominent and slightly narrower, throughout the 24-day incubation period. Interestingly, both the sharp (10.607°) and diffuse (;29°) collagen peaks appeared to decrease in intensity concomitant with the increase in intensity of the mineral peaks. The mineral peak positions remained essentially invariant throughout the 24-day incubation under PILP conditions. The intense peak at ;29°, which corresponds to the (104) plane of calcite, shifted only slightly from 29.367°(day 3) to 29.382°( day 24). The mineral peaks indexed to those of a calcite (CaCO 3 ) standard (registry number 05-0586) from the Powder Diffraction File (PDF) database (International Center for Diffraction Data, Newton Square, PA). In fact, 14 of the 17 peaks of the calcite standard were identified in the PILP specimens, with the average deviation between the standard and the sample peak positions being 60.186°. The three calcite standard peaks that were not seen in the PILP specimens were minor peaks, with relative peak intensities below 5%, which were likely buried below the collagen diffuse scattering profile. The calcite diffraction peaks became sharper with incubation time under PILP conditions. For example, the form factor (ratio of height to width) of the peak at ;29°increased from 2.41 (day 3) to 2.66 (day 24).
In Fig. 6 the mineral content of the collagen strips, expressed as the percent crystalline mineral, is plotted as a function of exposure time to PILP conditions. The percent crystalline mineral content for each strip was estimated by summing the areas of all of the calcite diffraction peaks and expressing this value as a percentage of the total area of the diffraction profile shown in Fig. 5 . The connecting lines in Fig. 6 were drawn to show the trend in the data. The crystalline mineral content measured by x-ray diffraction increased dramatically between days 13 and 15, which is consistent with the observed change in the biochemically determined calcium content for mineralizing collagen strips from the same experimental run shown in Fig. 2 .
To confirm that the PILP experiment was conducted successfully, and to explain the observed MRM and x-ray diffraction results, we subjected a series of collagen sponges to SEM analysis. In Fig. 7 , representative SEM images of an unmineralized collagen control sponge (A and G) are presented together with SEM images of PILP samples from days 3 (B and H), 9 (C and I), 13 (D and J), 15 (E and K), and 18 (F and L). The unmineralized collagen sponge in Fig. 7 A appears relatively flat with some underlying texture, which was attributed to randomly oriented collagen fibers seen in Fig. 7 G, acquired at higher magnification. On day 3, isolated islands of mineral deposits (black arrows) were observed on the surface of the collagen sponge (Fig. 7 B) . Individual mineral islands, observed at higher magnification, revealed calcite disks oriented perpendicular to the long axis of the collagen fibers in an essentially periodic banding pattern (Fig. 7 H) . At longer exposure times, the number of mineral islands increased (see the SEM image of the day-9 sponge in Fig. 7 C) . Additionally, collagen fibers within the mineral islands of the day-9 sponge were completely encapsulated by mineral (Fig. 7 I) . By day 13, the surface of the sponge was covered by numerous mineral islands (Fig. 7 D) , with some unmineralized collagen fibers between the mineral islands (indicated by white arrows in Fig. 7 J) . By days 15 and 18, the intervening space between mineral islands was filled with mineral (see Fig. 7 , E and F, respectively). In the corresponding highresolution SEM image of the day-15 sponge ( Fig. 7 K) , the collagen appeared matted owing to the presence of the mineral in the gaps and grooves between mineralized collagen fibers. At day 18, however, some unmineralized collagen fibers were still evident in the underlying layers (Fig. 7 L) . Note that the diameter of the mineralized fibrils at all times as seen in the high magnification images is ;4-5 times that of the control fibrils.
The SEM images in Fig. 8 correspond to an unmineralized collagen sponge (A) together with untreated (B), acid-etched (C), and bleach-treated (D) sections from the same 18-day specimen. Careful etching of the 18-day specimen with 0.1 M HCl to remove excess surface mineral deposits revealed mineral-encapsulated collagen fibers (Fig. 8 C) . Treatment with bleach removed unmineralized collagen fibers as well as those fibers exposed by microcracks formed during the drying process. This treatment confirmed that the mineral deposits are colocalized with the collagen fibers and that residual calcite disks appear oriented perpendicular to the long axis of collagen fiber (Fig. 8 D) . FIGURE 6 Percent crystalline mineral in the collagen strips is plotted as a function of exposure time to PILP conditions. The percent crystalline mineral content was estimated by summing the areas of all of the calcite diffraction peaks and expressing this value as a percentage of the total area of the diffraction profile shown in Fig. 5 . The largest change in crystalline mineral content was observed to occur between days 13 and 15. The connecting lines in the figure were drawn to show the trend in the data.
DISCUSSION
The exact sequence of events that occurs during the PILP process is not completely understood. It is speculated that the acidic polymer phase separates to form small liquid-filled droplets in which amorphous calcium carbonate is stabilized (24) (25) (26) (27) . These droplets are then thought to adsorb to the fibrils and get pulled into the gaps and grooves of the fibrils by capillary action, forming calcite crystals that retain their fluidic shape (25) (26) (27) . Similar studies have revealed how calcium carbonate can be molded into exquisite shapes, reminiscent of structures produced by invertebrates, using macroporous hydrogels (33) . The mineralized deposits seen on SEM images of our PILP samples were comparable to those reported previously (25) (26) (27) , which confirms that the PILP experiment was conducted successfully. However, the kinetics of droplet formation and the concentration of dissolved species are difficult to control by the vapor diffusion technique (24) . This explains why the jump in calcium content, based on the results of our calcium assay for several experimental runs, varied between days 6 and 13. The observed variability within a single experimental run was attributed to the vapor diffusion technique, the variability in the size of each collagen strip, and the intrinsic heterogeneity of the Cellagen sponge.
The calcium content of the collagen sponges, measured with our calcium assay, resembles the percent crystalline mineral within the sponges, measured by x-ray diffraction. We speculate that much of the amorphous calcium carbonate (or PILP phase) is washed away during the washing stage of our calcium assay and only the calcium content of the insoluble calcite crystals is measured. The dramatic increase in the calcium content of the collagen sponges on day 15, measured biochemically, was attributed to a significant increase in the amount of crystalline mineral produced as the amorphous PILP phase crystallizes in the collagen fibrils. This result is consistent with the jump in the percent crystalline mineral deposits measured by x-ray diffraction at day 15. In addition, the observed reduction in the widths of the calcite diffraction peaks with increasing incubation time supports the increase in the microscopic order and crystallinity of the mineral phase as the amorphous mineral phase crystallizes. Intrafibrillar mineralization of the collagen fibers also explains the increase in the rigidity of the collagen net- FIGURE 7 Representative SEM images of an unmineralized control collagen sponge (A and G) are presented together with SEM images of PILP samples from days 3 (B and H), 9 (C and I), 13 (D and J), 15 (E and K), and 18 (F and L) taken at low (3150) and high (310,000) magnification. Lowmagnification images (A-F) reveal the gradual appearance of mineral nucleation sites or mineral islands, which become more numerous with increasing exposure time to PILP conditions. By day 15 much of the intervening space between the mineral islands is filled in with mineral. The higher-magnification SEM images (G and H), focused on individual mineral islands, reveal that mineral deposits are colocalized with collagen and the mineral occurs as calcite disks oriented perpendicular to the c axis of the collagen fibril in a roughly periodic arrangement. At longer exposure times to PILP conditions, the collagen fibrils at the surface of the sponge appear completely encapsulated by mineral. By day 15 many of the gaps and grooves between fibrils have been filled in with mineral, giving the collagen a matted appearance. By day 18, however, there were some unmineralized collagen fibrils evident in the underlying layers. Black arrows indicate mineral islands, and white arrows indicate unmineralized collagen fibrils.
work for sponges exposed to PILP conditions for longer than 15 days.
Despite its poor reproducibility, this model system provides the perfect opportunity to study the effect of mineral formation on the MRM properties of water protons within a collagen sponge in which the collagen content is not changing. This is not the case, however, with most mineralizing tissues. Here, both the hydration state and the water proton T 2 values were significantly reduced with the onset of mineralization. The reduced hydration state may be attributed to the displacement of water by the amorphous mineral phase. The reduction in water proton T 2 values with the appearance of crystalline mineral deposits may be attributed to the immobilization of water molecules, through ionic or dipolar interactions at the surface of the mineral, and to enhanced field heterogeneities caused by the different bulk magnetic susceptibility of the mineral from that of water. The results presented here are consistent with the findings from numerous studies concerned with understanding the effects of calcium salts on water proton MR relaxation times (11, 12, 34, 35) .
During the mineralization process the collagen content of the strips was expected to remain constant, and yet the water proton MTR values increased with exposure time to PILP conditions. Using a published calibration curve for MTR values versus collagen concentration measured under similar conditions (15), we found that during the PILP process the apparent collagen concentration increased from 2.6% w/v for controls to 3.5% w/v for samples from day 15. This apparent increase in collagen content, which cannot be a real increase in this constant collagen model system, could be an indirect effect of collagen consolidation during mineral formation.
However, the results of our x-ray diffraction studies did not support the collapse of the Bragg-spacing for collagen with longer PILP exposure times. In this model system, we suspect that intrafibrillar mineralization, confirmed by our SEM studies, prevents the collapse of the collagen fibrils. We speculate that in this model system, higher MTR values are attributable to the increased rigidity of the collagen network due to intrafibrillar mineral deposition. This explanation is consistent with observed increases in MTR values with crosslink density at constant macromolecular concentrations for polyacrylamide gels (36) , alginate gels (37) , and formalinfixed cartilage (38) .
As stated above, the x-ray diffraction spacing for collagen remained constant at 1.67 nm throughout the PILP experiment. This result was in contrast to both neutron (39) and x-ray diffraction studies (1, 5) in which it was determined that collagen equatorial diffraction spacing decreases as the mineral density of fully wet mineralized tissues increases. Specifically, Lees (23) established a linear correlation between the wet tissue density of collagen and the position of the diffraction peak at ;10.5°. Perhaps the reduction in the Bragg-spacing of collagen occurs only in mineralizing tissues, where hydroxyapatite is thought to form in the extrafibrillar space (7) . Another reason for the lack of change in the diffraction spacing of collagen may lie in the heterogeneity of the mineralizing collagen sponge, which can lead to a measured x-ray intensity that is biased toward the mineral phase. The linear absorption coefficient (m) is more than 10 times greater for minerals, such as calcite, than for organic molecules, such as collagen. Consequently, in a mixed phase containing both calcite and collagen, the mineral phase will scatter x rays to a much greater degree and will dominate the x-ray diffraction profile. This process, which is termed the absorptive effect (40) , explains why on day 15, with the crystallization of the PILP phase, there was a dramatic reduction in the intensity of the collagen x-ray diffraction peaks and a marked increase in the intensities of the mineral x-ray diffraction peaks.
The observed collagen diffraction peaks, especially at the later time points, likely originate from regions within the collagen strip that have the lowest concentration of calcite crystals and/or contain mostly amorphous calcium carbonate. Although these areas are not expected to show significant changes in collagen fibril spacing, we expect the number of unmineralized collagen fibers to decrease with increasing exposure times to PILP conditions. The fact that we can still observe collagen diffraction peaks by day 24 supports the notion that some collagen fibers remain unmineralized. This result was confirmed by SEM and could be attributed to insufficient quantities of PILP to cover the entire surface of all the fibrils within the collagen sponge. Alternatively, mineralized deposits on the surface of the collagen sponge could dramatically reduce the infiltration of the PILP phase to the underlying layers, thereby hindering the complete mineralization of the sponge. On further inspection of the MRM graphs in Fig. 4 , we propose that the PILP process might be subdivided into three phases. In the first phase, between days 0 and 6, both the hydration state and the T 2 values are reduced compared to those of a control strip. This result may be attributed to the initial displacement of water from within the collagen fibrils by PILP droplets containing amorphous calcium carbonate, as well as the appearance of small mineral crystallites on the surface of the sponge. Notably, the diffraction peaks for calcite formed in the early PILP samples were much broader than those typically seen for macroscopic crystals, which indicates that the crystals in the PILP samples are of submicroscopic dimensions and lack long-range order. In addition, the broad mineral diffraction peaks indicate that the PILP crystals are stressed nonuniformly (41) , which supports the notion that crystal growth occurs between collagen molecules. This result is consistent with the SEM images, taken during this initial phase, in which the mineral does not form rhombohedral crystals but adopts a disk-like shape oriented perpendicular to the long axis of the collagen fibers.
In the second phase, between days 6 and 13, MRM properties appear to plateau, possibly because amorphous calcium carbonate droplets begin to coalesce within the intrafibrillar space of collagen. The formation of a continuous PILP phase within the intrafibrillar space should have little effect on the hydration state or T 2 values of the sponge. In those areas where the PILP phase begins to lose water to form mineral crystals, the hydration state of the sponge and the water proton T 2 values are reduced.
In the third and final phase of the PILP process, after day 15, it is thought that the amorphous calcium carbonate in the intrafibrillar space crystallizes. The encapsulation of collagen molecules by mineral crystals would explain the dramatic reduction in the intensity of the collagen x-ray diffraction peaks. The MTR values are increased compared to controls because of an increase in the rigidity of the collagen molecules due to intrafibrillar mineral formation. It is speculated that as mineralization proceeds, the number of hydroxyl groups on the collagen molecules in free exchange with mobile water molecules is reduced when the collagen molecules are encapsulated by mineral, thereby reducing the measured MTR value for a completely mineralized strip. The fact that the MTR values are indistinguishable after day 24 to values obtained at 13 and 15 days supports the notion that many collagen fibers are not completely encapsulated.
In summary, SEM studies confirmed that we were able to reproduce the PILP experiment in our laboratory and established the intrafibrillar mineralization of the collagen fibrils within the sponge. X-ray diffraction data confirmed that the mineral formed in this system was calcite, and that the calcite peaks were somewhat broad compared to those of isolated crystals because of the short-range order of the crystals that form in the intrafibrillar space. The crystallization of mineral in the intrafibrillar spaces is thought to be the basis of the dramatic reduction in the intensity collagen peaks in the x-ray diffraction data at day 15. Finally, the MRM technique was able to detect the appearance of the earliest mineral deposits, and in this model system, in which the collagen content is constant and the intrafibrillar space is mineralized, the MTR parameter yielded a measure of the change in the rigidity of the collagen network. In conclusion, this work supports the use of MRM to gain important insights into the mineralization process in vivo.
